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Algorithm for the Calculation of
Absorption Coefficient -Pressure

Broadened Moit,,cular Transitions

1. INTIIO~iiiTION

This report describes an algorithm and associated program to perform the

convolution of a line shape function with on array of absorption transitions for
which the wavenumber values, the intensities, and the halfwidths, are specified.
The algorithm has been developed with the objectives of minimizing the number of
operations to perform the convolution and of developing a program having reason-
able computer stor'age requirements. The decrease in computational operations
achieved by the present method may be utilized to decrease com~puter time require-
ments for current problemo or, if necensary, to perform more extensive calcula-
tions that were not previously considered feasible.

The program described in this report uses a given line shape function (the
Lorents function) which is assmned to be independent of molecular species. The
algorithm enables the calculation of the absorption coefficient at equally spaced
output wavenumber increments over a specified wavenumber region. A uniform
path is assumed for which the temperature, pressure, and absorber amounts are
specified. The program has been written to be compatible with the AFGOL line
listing., and performst the function of program LIN previously utilized In HITHAN
(WRiaeived for publication 21 July i.977)
1. MeClatohey, B.A., B~eneditt W.S., Cough, S.A., Burch, D.., Calf@*,

R.F., Foxe K, Rothman, L.S., and Oaring, J.S. (1973) FU ~mo
boeric Abooretion Line Parameters Compilation. Report o.AFCRL-TW-
1-Opyp5, Envionmental "Oeidarch Papers, No. 134.
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calculations. The algorithm ha.s been developed with the goal oF keeping the error

in the absorption coefficient to within 0. 1 percent.

The concept that has been developed involve:s the decomposition of the given

line shape function into tree functions which are independently convolved with the

parameters for each spectral line, The first function is viurrow and describeg the

central portion of the Lorentzian line shape, the second function is broader de~c rib-

ing the intermediate region of the shape, and the third function Is broad and may

be considered to describe the "near" wing contribution of the line. The Functions

have been carefully chosen so that the required spectral information ig retained as

each function is sampled at the same number of points by the convolution process.

The spectrum is reconstructed at the final stage by properly interpolating the three

functions into the output array of absoe'ption coefficients. Also included in this

report is a program that performs a subsequent interpolation providing an essen-

tially continuous resultant spectrum without requiring the convolution calculation.4

to be performed at more output points than are required.

2. IDEC.tOPOSlllON O}F nrio,: ILRENTIZ IINE ,SIIAE

The Lorentz shape Is generally applicable for pressure broadened lines for

which the transition wavenumber value is large compared to the line halfwidth, and

hats been discussed by many authors. I, I' The absorption coefficient, AIu), us a

function of wavenumber, Y, resulting from the convolution of the Lorentz line shape

with a molecular transition of wavenumber vi, intensity Si, and width &i (halfwidth

at half maximum: HWHM) iW given by

01 I + I(I

and the total absorption coefficient is given by

2, Goody, R.M. (1964) Atioughgric Radiation 1. Theoretical Basis, CxFor'.,
Clarendon Press.

3. Breene, H. B., Jr. (1961) The $hilt and $have and pectral Lines, Pergamon
Pres.s New York.

4. Mitchell, A. C.O., and Zemansky, M.W. (1934) Hemonance Radiation and
Ecited Atoms, The Macmillan Co., New York.
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For computational purposes, it becomes ndvantageHl to define a dimensionlesS

variable z which for a stigle line ii defined as

V - V1

where r in the wavenumber differenco from the line center, v1 , in terms of the

haltwidth of the transition. The absorption coefficient for a single line in termsv

of z is

"A(,) -1 LW (4)

where the Lorentz function is

W z) .(5)

This definition hae the computational advantage that L(z) i explicitly independent
of halrwidth and may be tabulated as R numerical function with argument z.

The function L(z) has pathologically slow convergence to zero as has been dis-

cussed by Goody 2 and others. In order to avoid computation of the Lorentz function

at values of the argument for which the function is slowly varying, the function has

been decomposed into three bounded regions (0 z I Z 1 !5 Z,, P. 1, 3). We have

chosen Z* 3, Z 2 - 12, and Z3 - 48 resulting in three functions with similar runc-

tional behavior over the bounds 0 to 3 halfwidths, 0 to 12 halfwidths and 0 to 48

halfwidths rempentively.

The decomposition has been performed in a progressive manner by creating

the first function (denoted as the "rast function, " (XF(z)) as the difference between

the Lorentz function and an even quartic function Q,(z) chosen such that the value,

the first derivative and the second derivative of XF(z) are zero at the boundary

Z1 . XF(z) is given by

XF(z) 1/w (L'(z) - QI(z)) for 0s IzI Z1  (6)

where

L'(z) -L(z) " (7)
74
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+b 1?. 2 +(8)Qi(z) a, + bz 4. 1z4 (a

and

1/(0 + z -.c (1 +3 Z;) and a, xci(1 + 3 +3 )

(9)

For Zb Z I  3 we obtain

c 1 - , and j 1-03  (10)

10 1

Consequently, we have for the "fast function"

XF(z). 1/W (0/(0 + z2) - (a + btz
2 + c1z

4)  O Z . (11)

XF(z) • 0 3 .S I Z (12)

The second function, the "slow function, " XS(z), is constructed in a similar

manner by defining an even quartic function, Q 2(7,), in the domain 3 s Izi 5 12
which matches the Lorentzian at z - Zb  z 2 a 12. We obtain by performing opera-

tions similar to those above

XS(W) - 1/N (L'(z) - Q2(z)) for 3 s I zI s 12 (13)

with the coefficients for Q 2(s) given by

- b2 w -433 . c , and a2  62641. 02 (14)

The "slow function" is then defined aw

XS(u) • l/s (Ql() - Q2(z)) 0 s Izi - , !1S)

XSW) - /r (1/(l + 2-(r,,+ b2z+a cz 4) 3 sz 12 (16)
2 3 4

XSs) • 0 12 .% It 1 (17)

The third function, the "very slow function, XVS(z), is defined as the
Lorentzian for 12 -s 12l : 48 and as Q2 (z) for 0 s Isi 5 12.

9 4'



The following tabular for-m of the decomposition into the respective domains

will make the process more cleart

DOMAINI

F UNCTION 0ZIz . :3 3 s1z ! 12 12 ! Iz S 48

1
XF(z) ; (L '(z) - Q1 (z)) 0 0

XS(z) (% (z) "Q 2(z)) ( (L,()) - Q2 0')} Q

1 1 Q (z)  L'(z) . (18)Tv~z Q2(zl 2.

Note that the three functions sitm to the Lorentzian in each dornain and that the

functions are continuous in value, first and second derivative across the boundaries

of the domains.
While the choices of the functions and the boundarins may appear to be some-

what arbitrary, an examination of the result demonstrates the advantage of the

imposed conditions. Figure 1 13 a plot of the three functions from -48 to +48 hlf-

widths and indicates the dependence of XF(z), XS(z), and XVS(z) as a function of

the variable z. It shoule be noted that 40, 71 paroent of the integral of the Lorentz

function is contained in XF, 42. 47 percent in XS, and 15. 50 percent in XVS. The

remaining 1.32 percent is o'atside the 48 halfwidth cutoff.

The three functin s are represented in Figure 2 with the horizontal axis deter-

mined by the boundary of each function and the vertical axis chosen appropriately

for each function. The three functions in thii representation are seen to be func-

tionally similar and as a consequence, it Is possible to sample each function at the

same sampling interval to perform the convolution. One hundred and fifty one (151)

values of each symmetric function are stored in the computer program, and it is

these values that are plotted in Figure 2 as indicated by the index on the top hori-

zontal axis. The tabulation of this number of values for the functions prqcludes

the necessity for interpolation in the convolution calculation. The valles of the

functions arv tabulated in Table A.

A
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Table 1. Tabulation of the Decamipoded Functions Used ',o Describe the Lorentz
Function. The variable z 1i. defined as the wavepumber difference from the line
center In terms of the halfwidth, a, that Is, zI = (v V/al. Plots of the three
tabulated functions appear in Figure 2 and l.'±gre 3 0

150011 "FAST" "SLOW" "VLIP SLOW"
PU~It71!O4 FUNCTION FUJNCTION

FN FNS 7 FNS

1 0.010 2.3200-01 0.010 I.q72E-02 J4.1 6.51.00-03
2 .02U 2.3190-V1 .0io 7.9660E-02 .320 b.516 -os
3 .040 2.3160-01 tf6o 7.91.90-0? .6160 6.522F-03

4.160 2.309E-01 .21,0 70q21E-02 .960 61.499E-03
S .08so 2. 3010--1 .120 7.682!-02 L#260 6.1.6?E-03
6 *too 20200E-01 .4AJ ?04116"92 ls.6 6.1.2SE-03
1 .120 2.2770-01 .1,60 7.7706-02 1.920 6.3750-03

.*140 2.20 10-01 .960 7.6970-02 2.21.0 6.31.60-03
I.160 2. 21.3-01 .640 7.614E0-02 2.560 6.21.90-03

10 .140 2.7?30-at .7?o 7.S210-02 2.680 6.173F-oa
It .20G0 2E2-01 .800 7.1S8-02 3.200 6.088E-33
±2 e20 2.1780-01 6M9 7.3051--02 3*920 5.9li61-O3
13 .21.0 2. 152c-0 .t69010 7.182-02 J.1. 6 9.69SJU-03
Ii. .760 2.12S0-01 1.04.0 7.0900-02 4.160 5.789E-03
Is .280 2. 096E-01 1.520 6.911.0-02 4.1.60 5.6760-03
16 .300 2.0660-01 1.200 6.761-02 1..800 5.951.0-O3
17 .320 2.031.0-01 L.260 6.6090-02 5.120 5.42?E-03
Is .34.0 2.001E-01 1.160 6.441E-02 9.1.1.0 9.291-03
19 .360 l.9670-c1 1.140o 6.270[-02 SAM6 9.1590-03
20 0360 1.932E-01 1.520 6.093t-02 6.081. 9. 12E-23
21 .1.00 1.896E-01 1.600 5.9110-02 606.00 4.64F.-03
22 *.20 1.8990-01 1.680 8.723-02 6.720 4.712-03
23 .4410 14621E-01 1.76 1.531t-02 7.04.0 4.596-03
21. .060 1.783r-01 1.$4.0 9.3390-02 7,360 4.396E-03
29 .:480 1:745F:-01 1.920 5.1A.-02 7.680 4.23?0-03
26 S 00 1.7060-1 2.000 4.031-02 6.0oo 4.075E-03
2? .920 1.6670-01 2.260 4.0311-02 8.320 Y.911E-03
26 .940 1.6280-01 2.160 4.926-02 5610 3.71.70-03
29 . 560 1.568E-01 2.21.0 4.321.0-02 6.960 3.564E-03
30 .,Sao 1.59E9-01 2.3E0 4.121E-02 9.260 3.1.21%-03
it .600 1.100C-01 2.1400 3.9200-02 9.600 3.2610'03
32 .620 1.1.00-01 2.490 307221-02 9.920 3.103E-03

33 ,640 i132E-0t 2660 3.9270-02 10o2dt' 2.94.8E-03
31 .6,60 1.391E001 2a640 3.3361-02 10.961. 2.7970-03
is :boo 1.39ME-05 2.720 3.153E-02 10.860 2.692E-03
36 .700 1.317E001 2.600 2.976!-02 11.200 2.9129-03
37 .72 0 1.279E-01 2.880 2.6061-02 119520 2.309E-03
30. .71.0 1. 21,21-01 2.9of)0 2.6160-02 11.640 2.2990-03
39 0.160 1.2050-01 3.01.0 2.4.95r-02 12.160 2.1380-03
1.9 . 780 1.169c-01 3.120 2.354[-02 12.4.80 2.0310-03
4.1 .600 1 13 4E- 01 LIU01 2.223L-02 12.600 1.931E-03
42 .620 0.0990-01 0.280 2.1000-02 13.120 1.639-03
43 . 810 1.16S0-01 3.060 1.066E-02 13.1.1.0 1.752E-03
16 .860 1.031E-01 3.1.10 1.8760-02 ±3.760 1.672E-03

.860Sa 9.9840-02 3.5?0 1.M76-02 14.0060 1.9RE.-03
4.6 . 900 %.6619-u? 3.600 1.663E-02 14.1.00 1. 52AE-03
47 .920 9p.349E-02 3.660 1.594!-02 14.720 1.4620-03
16 .91.0 9.0390E-02 3.76 I S.ite- 02 15.040 1.1.01-.3
1.9 .460 N.133F -0? 3.0140 1.1.32E-02 15.360 1.343E-03
s0 .960 S. 437E..02 3.9!j 1.3960-02 19.660 14269E-03
91 1.000 60149E102 4.490 1.286-02 16.000 1.239-03
52 1.020 7.67-02 4.060 1.2220-02 L6.320 1.910-03
93 1.01.4 ?.592E-02 4.160 1.1000-02 16.640 1.11.90-03

541.060 ?.22411-02 4o240 1.1010-02 A6.964 1.1030-03
so 1060 7.0631-00 4.320 1.0416-02 174260 1.062-03
96 1.il0 6.609E002 4e420 9.93CE-43 17.600 10024[-03A
or 1.12to 6.8611-02 4.46*0 1.4fl-03 17.920 9.8821-0.
9: 1.14.0 6.1206-02 16.960 6.9601-01 16.21.0 9.9391-04.'

991.168 6.066E-02 4.640 69513E-03 LOOM6 90211-0.
661168 9.8580-42 4.720 S40691-03 164440 6.04S-04

12



Table 1. Tabulation of the Decomposed Functions Usedi to Describe the Lorentz
Function. The variable z is defined as the waveniamber ditporence from the line
center in terms of the halfwtdth, a, that is, 7.= z - V 0 )/Ct. Plots of the three
tabulated functions appear in Figure 2 and Figure 30 (Cont.)

INDEY F ST.St Ow. "VERY SLOW"
FUNCT ION FUNCTION FUNCTION

z FN z FN 7 N

611.00 5631-24.600 7.657E-03 19.206 8.61LE-01.62 1.220 5422E-012 4.0660 7.3051-03 14. 520 A.ML2-0'.

64. 1.740 5.0or-oz S. 0'. 6.59YE-03 20.160 7 01SE-Oi.
65 1.260 40813F-02 5.12C e.259!-Q3 20.A480 70571E-04.
66 1.100 '..622r-02 5.200 5.956-03 20.800 7.3.,-0.
67 16320 '..1371-02 9.240 5.6611-03 21. 120 7.*12uE-0.
66 1.31.0 do.256-02 5.360 5.3M9-03 2106.40 6.9101-0.
69 Is.30 4*0OSJ.-02 5.4410 S.L110-03 2i.760 6. 708E-04.

1.30 095E-02 40 .901.71S-03 ZIB b 51f0
*00 3.792f-02 -boo 7o.61I-03 Z2.fo 6. 331E-04.

?3 1.400 3.411-02 5.100 4.15&E-43 23.040 5.95E-0.
?4 1.5 20 1293r5-02 6.640 3. 3721-03 2M.360 5 .3?31-0

7615.1.12-2600 3.196F-03 24.00'0 5.2SM.-0479 1.520 24829F-02 6.040 3.0312E-03 24.320 5i.1011-0180 1.9840 2.5011-02 b.160 2.8731-03 24*.640 5.2134E-04.
69 1.60 2.36S-02 6.t200 30322E-03 24.960 S.. 840k-l
so 10.20 209061-02 6.0H 2.5813-03 24.20D 1.973 E-04.
63 1*.610 2.1661-02 6.400 P.2.4.1-03 256010 4.6161-0.
61. 1.660 2.06E.-02 6.48.0 2.57&E-03 25.9260 4*5731-04.
65 1. 640 216SE-02 6.960 20.1.-03 26.2660 4 .651-04.64 1.700 2.6064E-02 6o640 2.0E-03 26.500 4 .29?-01.67 1.720 1.773-02 6.860 1.11-03 27.520 4 . 39)E-04.6 1. 710 1.604.1-02 6.960 2*.6S.E-03 27.200 1..12F-0
69 1.720 1.5731-02 b.01.0 1.791E03 28.160 4.009-0.
90 1%740 1.41.-02 7.920 1.61.11-03 28.0 36.520E-0
91 1.600 1.3TE-02 .00 1.0 39U.03 2 .600 .033-04.
go 1.80 1.3581-02 7.2 1.'.3?E-03 26.460 3.920SE-04.
91 1660 1.241S-02 7.360 1.3725-03 29.1.1. 30.665-'.
9 1. 1 , 6 60 1 . 2 1 4 1- 0 2 7 . 4 40 . 2 9 1 1 -0 3 2 9 . 7 0 3 . ? 9j -0 ' .
9 5 1.660 1.264 E6-02 7 .40 1 .213 -03 390.00 3.6166E-0 4.
94% 1.900 1.0011-02 7.440 1.11.01-03 29.1.00 3.4.411-0.
95 1.020 i.011-0 7.520 1.213E-03 30.020 3.561-04.
98 1.90.6 5.1.>02 ?.7600 1.101-03 31.00 3.3-41E-0
9? 1.920 9.021.-03 780 9.39E-0. 31 * 30 31.39E-04
10 1.960 9#~5E-01 7.9260 8.706E-03. 31.68 3.1364F-04.
10 2.0090 90.4581-03 6.0340 8.221.1-01 31.360 3 Z33E-04.
1.022 7020 P.95601-03 6.080 8.24-04. 32.3200 3.01.-01.
103 2.01.0 6.96SE-03 5.160 7.1.67E-04 3U.64.0 Z.96S1-0
to01. 2.060 6.532E-03 0.21.0 6.679E-0. 32.960 Z.927E-0.
I0S k.080 6.10 11-03 4.320 6.2171-0. 33.250 2 .8P11-0
10b 2.100 4.6901-03 8.1.0 S.779-04 33.600 2.8171-0.
to? 2.120 0.2991-03 1.460 5.361-0. 33.920 2.764LE-04
Los 2.140 1.92SE-03 0@550 4.5731-0. 34.240 2 .713-04.
109 2.160 4.5751-03 B6610 4.*6031-0. 34.S60 z2.663E-01&r 110 .160 4..N2191-0 8.720 40.54F.04 34.610 2.061 4L.01.1.12.200 3.921.1-03 so.600 3.52SE-04 35.200 2.56?C-01.112 2.220 34 at %[-0a3 6.&8o 3 6151- 0 4 .15.520 Z .M1, E-04
Lis 2.240 

3
431.1103 6.560 3.023C-0. 35.01.0 2.1.76tL-01

11,. 2.240 3.0731-03 0.04.0 3.0491-0. 36.160 2.4.339-04.
Its 12.t60 2.621t-03 9.126 2.0911-04 36.1.60 2 *39 01-0.
116 2.300 2.641-03 9.200 2.550C.04 36,800 2.634.016
it? IOU2 2.3610-03 9.280 2.32.1-01 37.120 2.3060-0.
116 2.31.0 2.1421-03 9.360 2.113-0. 3P.440 2 #269-04.
119 2.360 1.161.03 9.41.0 1.5101-04 37.760 ..2311-0.
12d R.36 i.773-03 90420 1.0321-04 30890 2.1.9'E-3.

13
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Table 1. Tabulation of the Decompoied Functions Used to Describe the Lorentz
Function. The variable z i defined as the wavepumber diflerence from the line
center in terms of the halrwidth, a, that is, z I(v - o)/ al. Plots of the three
tabulated functions appear in Figure 2 and Figure 3 (Cont.)

INOE x "FAT" "SLOW" "VERY SLOW"

FUNCTION FUNCTION FUNCTION
IN FN FN

121 2,400 960tO-0 9.600 1.SGIE-04 38.400 2 iSIF-04
* 2 2,.420 o.442r-03 9.680 1E:001-04 34.720 Z.12E-04
123 2.41.0 1.29hE-01 9.760 1,286E-04 39.040 2.08?E-0'.
124 2.460 1.15Vr-01 4.80 1,1t210e-o: 9.360 2.053E-04
125 24450 1.030E-03 9.920 9.95SE-05 39.640 2,60E-04
126 2500 9.131E-0 0.000 8006E-5[o 4$000 1.98*r-04
1? 2.520 A.0SSE-04 10. 080 70753E05 404 320 i.95E-04
128 2.%40 7.?.ME-04 10.60 6,? 9E'-1 40.640 1.96ZEOl.
129 2.560 6.170-Ol4 10.240 5.910 -Eu 40.960 1*.96E-04
130 2 5O 5.35 2E04 10.320 5.12E-05 41.28C 1,87L-04
131 ?.600 4.610E-04 10.400 40403E-09 41.601 1.836E-04
13? 2,120 3.94Z[054 10.480 3.758-05 41.9O i.8itJE-O4
133 2,610 1.34SE- J4 10.560 31820E-05 42.240 1.M83E-0
134 2,660 2. 604L- " 10.649 ZoWbE-0S 42.560 1.756E-046
135 2.660 2,036E-04 10.?70 2. 215E-05 42.880 1.730E-04
136 2.730 1.9200-04 104820 1.81sF-05 43.200 1. 7051-ah
07 20 20 1. 57E-04 10.880 1.72E-05 43.520 1,680E-04
138 2.740 t.2440-o 10.960 1.174-05 43. 840 1.655E-0O
159 2.?60 q. .Y8-05 11.040 9.194c-06 44,160 1.631E-04
140 2.780 7.496E-05 11.120 ?.054[-06 44.460 1.,T081-04
141 2.800 5.6200-E 011.00 5. 280E-06 44.600 1.58 E-04
11.2 2.820 4.08E-05 11.60 3.834-06 45, 120 11563E-04
143 2,840 2. 861s-05 11,160 2.653c-06 45.440 1.941[-04
144, 2.860 1.91E-0S 11.,40 1.?91E-06 44. 760 1.SMqE-04
14S 2,80D 1.2C3H-05 110820 1.1240-06 46%090 1.49SE-04
14 r.900 t. 947r" 0 11.600 6t4ei te n i at 4 w 40 is 45sr-
14P Z49g20 3. 5169F-06 11.660 3.306E£-07 466720 144SBE-Olo
t44 2a940 1 o494r- 09 110760 1,10CJO-07 4Y F.U40 1@ 4M -44
149 ?,q60 4. 41 BE- 07 11.640 4.104E-=06 d,?,360 1,.41. ii-o0
11; Z. 980 5, 51tE-08 110q2C S,113E-09 47*660 L,40JE-04
151 3,000 C, 120000 0. 46. 000 1,381E-04

The rationalization for termninating the convolution at 48 helfwidthv is hased

on three considerations: (1) evidence that the line shape deviates from Lorentz

behavior for (v - v 0) of the order of 5 cm " , correspondinr, to z % 48 for a typical

atmospheric line at atmospheric pressure (Winters et al:5 Holstein;
6 Breene;

3

Burch;'7) (2) the value of the Lorentzian at 48 haltwidths is 1. 38 X 10'4 which is

5. Winters, 13. H., Silverman, S., and Benedict, W. S. (1904) Line shape in the
wing beyond the band head of the 4. 3 M band of CO, J. Quant. Spect. Hlad.
Trans. 4t527,

6. Holstein, T. (1950) Pressure broadening o -spectral lines, Phys, Rev. 79:744;
see also L. Spitzer Phys. Rev. 586348 . A).

7. Burch, D.E., Grynak, D.A., Patty, R.R. and Bartky, C.E, (1968) The,.
Shapei of Collision Broadened CO Lines Philco Ford Corp., Aeronutronic
ne.port uzUai a.
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sufficiently small for most calculations, and (3) calculation beyond 48 halrwidths

requires an unwarranted increase in omnputational effort. Although the value of
the Loreutz function may Justify termination of the calculation at 48 halfwidths, it
must not be kCrgotten 1hat 1.32 percent nf the integrated absorption is beyond this
region. Thit i. a result ." 1he previously mentioned slow convergence of /12

(Goody, 2 and Townes and Srhawlow8 ). It is suggested that calculations of the far
wings of the lines can more appropriately be done in a parametrized tabulation of
what is currLnutly referred to as the continuum for each of the molecular specte

*of interest. The contribution of this continuum function to the absorption coeffi-
cient may be calculated at large :4ampling intervals in the wavenumber domain with
negligible effect on computational time.

3. SAMPLING INTERVAL,

General discussions of the proper vhoice of the sampling interval appear in

the literature for the type of "line by line" calculations described in this

report. 0, 10, 11, 12 These references are primarily concerned with the effect of

the sampling interval on the integral of the absorption coefficient or absorptance
over a specified wavenumber interval. That approach is particul,-rly appropriate
to the case in which an instrumental scanning function that is broad compared to
tae spectral line widths, is being convolved with the true line sIpectrum. The
present di.-jeussion is concerned with the development of a quantitative evaluation
of the error introduced in the reconstruction of the spectrum in the interval be-
tween sampled points.

An approach that provides direct insight into the problem of determining the
sampling interval is that obtained from information theory and the Nyquist sampling
theorem. Simple and readily comprehensible discussions of this are provided by

8. Townes, C.H., and tichawlow, A. L. (1955) Microwave Spectroacopy, McGraw
HU-look Co., New York.

9. Drayson, D.R. (1967) The qalculatton of Long Wave Radiative Transfer in
Planetary Atmospheres Report No. 07584-1-T, University of Michigan,Ann Arbor.

10. Kyle, T. U. (1968) Net interval for calculating absorption spectra, j. opt.
Soc. Am. 58:192.

11. Scott, N.A. (1974) A direct method of computation of the transmission func-
tion of an inhomogeneous gaseous medium, I Description of the method,
J. Quant. Spect. Rad. Trans. 14:691.

12. Kunde V 0.. and MeOuire W. C. (1974) Direct integration transmittance
motel, O7. uant. pect. had. Trans. 14t803.
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Brigham 1 3 and Bracewell. 14 The sampling theorem states that it the Fourier

transform of a function iWi zero for all frequencies greater than freiuency f0, then

the rontinuout tunctlon g(x) can be uniquely determined from Its sampled valuea,

g1 (n6x), if the sampling interval IW chosen a.4

ax L (1)2f o

In particular, the continuous function g(x) can be reconstructed for all x by con-

volving the continuous interpolating function

a (x) n 6 (20)

with the sampled function ga (rdx) where n is integer. That in,

g(X) - g (nx) * a(x) (21)

or explicitly for the discrete convolution we have

e x) • go Wax) ,, (22)
n-. 6 n)

In the present case, the Fourier transform of the Lorentz function does not

have a frequency, fe, beyond which the transform is zero. Consequently by sam-
pling at discrete Intervals. it is not possible to exactly reconstruct the continuous

function. However, by properly choosing the interval, the difference between the

exact and reconstructed functions can be held within a predetermined limit. The

Lorentz function is given as

g(x) u r(23)

13. Brigham, 3.,O (1974) The Fat Fourier Transform Englewood Cliffs. A
New Jersey.

14. Bracewell, R.M. (1965) The Fourier Transform and Its Applicationm,
McGraw-Hill, New YorT.
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where x v - a is the hnlfwidth, and v is the wavenumber value of tho tran-
8ltion, The Fourier transform of gix) is

((x)). .( , t2 f <24)

where is the Fourier transform operator. If the value of the transform i
assumed to be zero beyond a frequency, f this is equivalent to multiplying the
complete transform by a rectangular box,(f), where

i I rl <t0
J. - I fl (25)

0 lrl 'fo

We may define the sampling Interval as before such that

ax (26)

The Fourier iranaform of.4(f) In the x domain is given by

A (x) (27)6x (W.A-(() 60 ( x

which is identical to the scanming function prescribed by the Nyquist sampling

theorem (Eq. (20)).
In order to evaluate the error caused by the discrete sampling interval and

the associated truncation of the function in the Fourier domain, calculations have
been made using the interpolating function, Eq. (27), convolved with the sampled

Lorenta function

-' g*(n6x)w. - 1] --- (28)

as indicated in Eq. (22). For these convolution calculations, a more relevant
definition of the sampling interval, ax, is given in termm of the halfwidth, a,

am . (29)

4ke
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The reilti are evnluated for sanmpling intervals expressed in fractions, I/N, of
the haltwidth. For this definition, wo have for the sampled LorentU function

g5 'N~ 2 MaII(I * 1 L ('30)

A quantitative evaluation of the effect of the sampling interval, is the IRMS devia-
tion o the function interpolated at three intermediate points per interval from the
function calculated exactly at the dame intermediate points. The results of these
calculations are given in Table 2. These results are a measure of the amount of

information lost due to the choice of sampling interval, As the sampling interval
becomes infinitesimally small, the HIMS deviation approaches zero. It is seen
that for an interval of a/4, that is, N - 4, the RMS deviation i negligibly small
and essentially all of the information is retained.

Table 2. Effect of Sampling Interval on the Reconstruction of the Lorentz Function
Using (sin x/x) Interpolation and Four Point Lagrange Interpolation. Interpolations
are calculated at three equally spaced points between the sampled values. In all
cases the maximum percent deviation using the four point Lagrange occurs in the
first sampled interval, Deviations are calculated as the difference between the
interpolated value and the exact value of the function

Interpolation Method

Sampling min x
Interval x Four Point Lagrange

N 6x - rms deviation ims deviation max percent
N deviation

1 a 1. 1 X 10"3  3.5 X 10" 3  -1.0

2 0.067 0.20 -0.00

a 0.0035 0.087 -0.37

4 e0.00083 0.028 -0. 15
4

There is another coisideration that must be taken into account in this situation.
Although the information is retained for a sampling interval of /4, the ooniputattonal

effort to retrieve this information using the (sin x/z) interpolation is large and in

some cases may be of the same magnitude as that required to evaluate the function
directly at the intermediate intervals.
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In order to ri,trieve suffict(,flt Information with reasonable cormputational
effort and stay within i spoeified errr criterion for the abliorption voefficien'
calculation, j tour point Interpolation hinetion has been i,40d instead of th. pro-
hibitively lonj. "sin x/x' interpolationi. The output points arte assumed to be
equally spaced. Valus for tie wi ,ihting factor s nece:j.,ttry to perform the inter-
polation at three equally spard intorm(,liate points are given by the following

three equat ions :

7105a- _xV - 6x) g~ (x) I!''g(X 4- X) - g(x 4 2 AX) (31)
I

16+,4~ -.
1 g(x - X) + 1 g W g(X 4 60)- g(x + 240 I

II + i " . gx - 6x) +- 1 g(x) + 1 g(x + 6x) - 7 g(x + 2x) (3)

The interptlation scheme that has been employed in this development is due to
Lagrange and is well described by Acton, 15 In Table 2, the maximum percent
deviation in the interpolated vnlue4 is indicated. This error always occurs within
one or two intervals from the linei center. For a sampling interval of o'/4, the
error is 0. 15 percent. Although this error at the line center is slightly larger
than deirnble, the added complication of using a more refined interpolation does
not presently seem warranted. Furthermore, the percent error decreases rapidly
away from the line center,

The four point interpolation scheme in used for interpolatinq the "very alow
array," and the "slow array" into the "fast array," This is required uinc the
sampling criterion of &/4 has been used for the calculation of the three arrays

where the effective o is appropriate to each array.
Similarly, for the presentation of the final results, the fast array is inter-

polated into a plotting array In a separate program which represents the final
result. Figure 3 depicts the effect of this interpolation scheme an conpared to the
result obtained with linear interpolation. It should be noted that the error for a
complete spectrum can only be the same or less than that for a single line. This
Is readily concluded from the superposition theorem.

One final consideration that provides information on the sampling interval, is
the Rayleigth criterion. id For two spectral lines of unit strength and equal hall-
widths, separated by two haltwidths, let us determine the sampling interval
required to exactly reproduce the minimum between the two spectral lines,

15. Acton, F. S. (1910) Nfmaerical Methods That Work, New York.
16. Born. M.. and Wolf, S. (1965) Principles of Opt n, Oxford, Pergamon Pro..
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Congihler one line vcntorod tt x 0 and the other line centered at x • xo, we
have for the two l,ot-entz functions

g (X) '(34)

and

g2(x) 1 (3 2)a3x " o -(x -Kx) ()

The Fourier transform for this pair is given by

() - a"  4-r + 0 "2 f co (2rx 1 . (36)

The Rayleigh criterion postulates xo a 2a giving for the transform

;,.I1f)- e612 1of (l + cos 4of) , (37)

To exactly reproduce the minimum between the doublet, one period of the oscilla-

tory function is required, giving

4af . 2 (38)

so that the cut off frequency is

f 0 _' (39)o2

and the sampling interval from the Nyquist theorem, im

.x, (40)

This result indicates that the sampling interval of o/4, previously determined, is
well within the Rayleigh criterion for resolving a Lorentstan doublet separated by
two halfwidth-.

• 421
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.4. APPI,ATI1ON OF,'THlE AM~IOTHIM

In the provious section, two baAic stepH foe- an improved compl)utational pro-

cedure to perform the convolution of the Lorentz line shape with a mot of Aobiorption

line datv have been describedi (1) the decomposition of the line shape into bounded

domains, and (2) the criterion for determining the sampling interval. In this

section we describe the application of the algorithm to obtain the absorption coeffi-

cient a a function of wavenumber for a set of specteal line data parameters that

are appropriate for the specified values of temperature, pressure, and column

density. Three separate convolutions utilizing the fast (XV), the slow (XS), and

the very slow (XVS) functions are performed on the data set. The results of the

three convolutions for a specific set of data are displayed in transmittance in

Figure 4. For this case the average halrwidth is of the order of 0.04 cm' 1 so

that the sampling interval used is 8x - a/$ * 0. 01 cm l . F ach convolution function

is sampled at approximately 24 values corresponding to intervals of 0. 01 cm " 1 for

the fast function, 0.04 am 1 for the slow funLtion, and 0. 16 cm' for the very

slow function. Seventy-two (72) points have been sampled to reproduce the

Lorentzian from -48 to 448 halfwidths instead of 384 (4 X 96) which would be re-

quired if the function were sampled at equal intervals of o/4 (0.01 cm'nI). Conse-

quently, the algorithm as applied in this case provides a nomputational savings of

a factor b 1/3. The actual 3aving using an optimized version of the conventional

method compared to the present metho-d is a factor of 10, The additional factor of

two Ls due to the use of tabulated rather than calculated functions and to reduced

overt, sad time in setting up the inner convolution loop. The results of the two

computational method. are given in Figure 5 and no differences are discernabln.

It should be noted that the lower spectrum of Figure 5 Is equivalent to the product

of the three functions presented in Figure 4, since the functions are all on a

transmittance scale.

Some further consideration needs to be given to the method described here

with respect to the theoretical computational gain. If the assumption i made that

the line shape function can be decomposed into U functions, and that the sampling

interval is the same for the first decomposed function as for the total Lorentz

fwmetion, a/4, then the gain, 0, is

Nto
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In this expresion, N tOL im the total number of halfwIdths over which the function

in to be computed, N mis the number of hslfwidths spanned by the mith decom-

posed function, and 6x/xlIs the ratio of the sampling interval of the first func-
tion to that required for the m'th function. in the present case for N ot. 48, we

have:i

0' 48 48 ,1 (42)

There are some constraints that are not explicit In the above expression; in par-
ticular, there are limitations on how small mr can be and still have the function
be reconstructable at the sampling interval. The algorithm provides greater

improvement as the extent of the convolution is increased. For instance, if it

were desired to reproduce the function over 192 halfwidths titing four decomposed
functions, a given choice would give a gain of

G -192 192 , 6(43)
(3 -1 4.12 + .+48. + 192' TI. 2

It must be emphasized that this choice, though workab'si, in not unique and other

choices might provide greater improvement.

The algoritlim, as it hail been developed, must include protection against

lines having halfwidthe deviating significantly from the average. For anomalously
wide lines, the convolution process can overflow the output arrays at the beginning
andi ending of the panel.. in this case the line width is reset to the maximum width

that can be treated: twke the average value. A series of + signs and the line
identification ave outputted when such a situation is encountered. In generi wide
lines are not a problen~ since the widest lines do not vary mignificantly fron the
mnean, This case nlso providos protection when a sampli- interval, D' Is
chosen which io not conuistent with the mean halfwdth oi tie lines being =~osidered
or when the line width is incorrect on t),e input data file.

There are a number of anomalously narrow lines that are encountered such as
the high J7, low K a water lines of type measured by Eng et al. 17 For such lines,
that ts, ei 4x , where is t the width of the iPth line and F ts the mean width, not
only doom the algorithm fail, but depending on the phasing of the sampding interval,
the contribution of the transition can be missed entirely. Such lines have been

1'?. Eng, R. S. , Kelley, P. L. . Mooradian, A. , Calawa, A..,, and Harmon, T. C.
(1973) Tunable laser meamurementw of water vapor transitions in the
vicinity of 5 pm, -Chem. Phys, Letters 19:1524.
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treated by setting the halfwidth to the sampling interval, that is, c i DV. In this

case, a series of - signs and the line identification are printed out. Although the
convolution will be undersampled for such lines, information pertaining to the line

is retained. The only strictly correct way to handle these narrow lines, is to

choose a DV equal to a1/4 where a, is characteristic of the narrowest line encoun-

tered, Such a choice of DV may necessitate the use of the conventional convolution

method, since the sampling interval is so small, Computational requirements may

dictate the calculation of the absorption coefficient over a small wavenumber region

around the lines in question. In general, these lines are relatively weak, and

except in cases such as laser transmission problems the method used here proves

to be satisfactory,

5. EXTENSIONS o THIE METHOD

As has been indicated in the previous section, the calculation of the far line

wings may be readily incorporated into the program. However, for the reasons

stated it is recommended that this far wing contribution be handled as a continuum

contribution in the wavenumber domain. Similarly, the variation of line shape

with molecular species may be incorporated into the algorithm. It is well known

that the wings of air broadened CO lines are "subLorentzian" and a very slow

function specific to the CO 2 molecular species could be utilized in place of the

Lorentz very slow function. However, there is no compelling evidence that the

subLorentzian behavio occurs within 5 cm "1 of the line center at atmospheric

pressure so again, it is considered more appropriate to include the absorption due

to the far wings of the CO 2 lines as a properly chosen continuum function. The

beat available theories indicate that the subLorentzian behavior is wavenumbe*

dependent. Incorporation of this effect is not amenable to a direct extension of the

algorithm since the argument of the Lorentz function is in terms of halfwidths.

The wing modification may be readily added to the calculation by including the con-

tribution into the very slow array before the three arrays are combined into the

final output array. Continuum contributions of this type are important for CO 2 in

spectral regions such as the 01001 band center where the wing contribution from

the Q branch is not negligible as at 667. 2 om "1 and beyond the band head from

780 cm 1 to 890 em "1 .

The convolution method described here offers even more significant computa-
tional savings for the mull, ayer came as it to generally applied to atmospheric :
modeling. The sampling interval is determined for each layer based on the average

hallwidth which is a function of temperature and pressure for the layer. 'T'he

remaining problem is to merge the results of each layer using appropriate

20



interpolation techniques to obtain the tranmission or emission for the case being

considered. In the conventional approach tu the problem, the calculationa are

performed at the finest sampling interval required and is the same for all layers;

that is, the sampling interval required to perform the absorption coefficient calcu-

lation at 60 km is the same as that used at 0 kmn. This approach requires the

calculation of many more output points than is necessary at altitudes below the

original altitude with a proportional increase in comnputational effort. With the

scheme proposed here, the computational time is the same for each layer.

b, iINE ,HAPS OTIliji THAN i,ORENTZIAN

The present method is clearly not restricted to any particular function such

as the Lorentz function. The Doppler line shape may readily be tabulated either

directly or as decomposed functions depending rdn the definition of halfwidth, For

many atmospheric modeling cases, the line 'skape of greatest interest is the

Voigt 1 8 shape. Current efforts are being directed toward incorporating the Voigt

line shape into the new algorithm, Prelirinary indications are that the Voigt

profile, computed to an accuracy similar to that attained for the Lorentz, will

require only slightly more computer time than that required for the Lorentz func-

tion. Details of the procedure for calculating the Voigt shape will appear in a

subsequent publication. Although the program assumes a symmetric line shape

and only half the scanning function is stored, an asymmetric shape can be utilized

by storing the entire function and making minor changes to the program.

7. THE PROGRAM

The program has Iten written to use line parameter input data consistent with
Ithat contained on the AFQL line parameter tape. The line data is reformatted

onto a binary file which contains the line data pertinent to the molecules and wave-
number range of Interest. This step has been taken to keep read time consistent

with the time required to perform the calculational part of the program. The con-

trol parameters are read from the input file and written to the output file, "tape 3"

is the binary file containing the line parameter datal and KKFILE is the b!nary

output tile. KKPILE contains a header record which includes the identification

information, SECANT, temperature, pressure, molecular identification, and

molecular column densities of the hornogneou layer. The first record for each
output panel is a header record for the panel which contains the wavenumber values

18. Voigt, S. Minch, Der. (1912) p. d03.
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of the first and last absorption coefficient values of the panel, the wavenumber

increment between output points and the number of output points. The second

record of the panel contains the array of absorption coefficient values resulting

from the convolution calculation. The current version of the program outputs a

maximum of 2400 values; in general, the first and last panel are shorter.

The program consists of the main program HIRACC. subroutines SHAPE,

IMOLEC, RDFILE, CONVFN. and PANEL; and the function QVRFAC. The overall
strategy of the program in indicated in Figure 6. All the subroutines are called
from the main program and the flow of the program is easily traced. Subroutine

SHAPE sets up the three convolution functions XF, XS, XVS used to define the
Lorentz function from 0 to 48 halfwidths.

Subroutine MOLEC in conjunction with function QVRFAC, makes the molecular

identifications with the line parameter file, and determines the correction factors

for the line intensities (SCOR) and the hallwidths (ALFCOR). The quantity, SCOR,

is the correction factor due to the temperature dependence of the vibrational and

rotational partition sums. The vibrational partition sum is calculated for a given

molecular type as

N

Q (1) (44)

where vI is a fundamental vibrational frequency and d1 in the degeneracy of the

vibration. The temperature dependence of the rotational partition sum is given by

Q(Tf) /T-\F

II (4) D)

where F n 1 for linear molecules and 1. 5 for nonlinear molecules. The reference

temperature. To, is taken au 296 K, consistent with the AFOL Line Listing. For
further discussion of these topics, see Hersberg pp 503 ff. The partition sum

calculations are performed by QVRFAC and the necessary molecular parameters
are contained in data statements in subroutine MOLEC. The quantity, A LFCOR,

is the correction factor due to the pressure and temperature dependence of the

collision broadened halfwidth. The temperature dependence of the haltwidth has

19. Herzberg 0. (1945) Mglecular 0289tra and Molecular Structure 11. Infrared Ii
and Raman Stget 0 D. Van Nostrand and Co., Princeton.
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been taken ask (T,/T)0 .'5 although calculations based on the Anderson - Tsao -

Curnutte theory are reported to give a temperature dependence % (T 0 /T)0.75

(Varanasi 20).

Subroutine RDFILE reads the blocked binary line parameters over the wave-

number range for which line data is required. The line parameters include the
wavenumber value of the transition %GNU, or ), the intensity of the transition at
296 K (S. cm l/(mol/cm2 )), the collision broadened halfwidth at half maximum

for 2960 K and atr pressure (ALFAO, cm'I), the lower state energy of the transi-
tion (EPP, cm ' ), and the molecule identification number (MOL). If the line

parameter data is Insufficient to complete the specified calculation, the measage
"end of file on disk" is printed on the output file. If no further line data in required
IDATA is met to 1, and control is returned to the main program.

At this stage of the main program, an effectiva optical depth is calculated for
each line which I dependent an the column density of the layer, the ascent of the

angle through the layer, the temperature of the layer, and the halfwidth of the
line, P(,ALFI),

The effective depth, u'.

°'". -' "t- Q .*V.S (T 2) op
0)]

where w is the absorber column density, E" is the lower state energy,

QvR a QAR* and the other quantities have been previously defined. in terms of
the program coding the effective depth appears as:

EFDPT HRECA LF*W*SEC*SCOR*EXP(EPP/XKTFAC)*(I. -EXP( -GNU/TEMPO))/

(1. -XP(-GNU/TAVI)).

As previously discussed, the proper sampling interval, DV, should be 0. 25 times

the average line haltwidth, If the halfwldth. ALFI. Is less than the sampling inter-
val. the halwidth ia set to the sampling Interval and a series of minus signs is
written to the output file. If the halfwidth exceeds a maximum value (ALFMAX)

where ALFMAX • 'OUND/40 and BOUND to the maximum value in wavenumbers
over which a line can be calculated, the halfwidth is reat to ALFMAX, and a series
of + sips is written to the output file. Included in the records indicating the

20. Varanasi, P., and Ko. F. K. (1977) Intensity and transmission measurements
tn the Y3 fundamental of N20 at low temperatures, Thirty Second lmm jtm
on Molecular Spectrosoopy, Paper RF15, Columbus, Ohio
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resetting of the halfwidth is the wavenuruber value of the transition (GNU), the
Intensity (8) and the halfwIdth (ALI.AO values of the transition from the line
parameter tape, the calculated value~ of the halfwidth (ALFTO, the value to which
the haltwidth (MV or A LFMAX), and molecular identification number (M. It the
number of halfwdth changes (NCHNO) exceeds 100, the computation is terminated.

Subroutine CONVFN Is a tightly written subprogram in which considerable
effort has been taken to minimize operations in the Do 30 loop. This subroutine
performs the triple convolution of X)V, XSi, and XV3 with the line data putting the
results in the proper elements of FF, SF, and VSFi respectively. A simplified
nlow diagrami appears in Figure 7. Control indicator IPANEL is met to TDATA if
the DO loop over the lines (40) io satisfied indicating whether a panel is complete
or more lines are required. 1f the line DO loop (40) is not completed, IPANEL is
set to 1 indicating that a complete panel has boon calculated. Control is returned
to the main program.

If 1PANEL has been set to 1, subroutine PANEL in called. Subroutine PANEL
performs a four point Lagrange interpolation of the VSF array into the SF array
and the SF array Into the FF array, thus combining the results of three independent
convolutions into a final result. A general flow diagram of panel is given in Fig-
ure 8. Care is taken to store array values required for the interpolation of sub-
squent panels. VVI ts the waveraumber value of the first element of the FF array,

which is common to the first element of the SF and VSF arrays. A binary header
record is written to the binary file (KKFILE) for each panel which Includes the
wavenumber value (VIP) of the first element of the panel (FF(NLO)), the wavenumn-
bar value MVP) of the last element of the panel (FY(NHI)), the wavenumber incre-
ment (OV), and the number of absorption coefficient values outputted (NLIM). The
second binary record contains the NLIM values of the absorption coefficient from
the FT array. The arrays are appropriately shifted and reset in preparation for
the computation of subsequent panels. Control is again returned to the main pro-
gram, HLELACC.

After a panel in. written to KKFILE, a record is written to the output file indi-
cating the current value of the time, the tin-e spent in BOFILE, in CONVFN, and
In PANEL (the units are seconds). Also included In this record are the first and
last wavonumber values of the panel, the wavenumber Increment, and the number
of values in the panel, A second record to written to the output file indicating the
average value of the halfwidth, the number of lines read since the last panel was
completed, and the total number of lines read since the initiation of the convolution
calculation. Control to returned to statement 10 if the calculation in complete, or
to statement '140 to continue the conivolution process,
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Appendix A

A listing of the Fortran program HIRACC in given in Table AlI, together with
the loader map, the input data, and the program output for the results which appear
in Figure 5. In the output, it should be noted that one line is encountered that has
a halfwidth which to larger than that allowed by the program. This line at
3558.4830 am' Is an HDO line, molecular type 1, which his an erroneous half-

width on the APOL line tape usod. The width for this line is reset to
ALFULAX w0.08 am 1 , Two H 0 lines occur at 3 579. 08 10cam which have ano -
malously narrow halfwidths. The values of theme halfwidtho are correct and art
the high J, low KAwater lines of the type measured by Eng et al., The widths for
these Lines are reset to DV x 0. 01 cm 1 ,l The beginning and ending sections of the
output panels are printed out including the location in the FIF array, the dimension-
less absorption coefficient, and the wavenumber value associated with the respec-
tive elements of the VP array.

1. ng RB.S Kelley, P.L,, Mooradian, A., Calaws, A.R., szidHarznon, T.C.
(Vi1) Tunabis lue mieasuremients of water vapor transitions in the vicinity
of 5 Mrn, Chem. Phys. Letters 19034.
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Table A . Listing of HLRA C ProgramH?4174 opfti FYN 4.5#4~1h op/ili?

PRflCRAI4 HIPACCIIN9U?,CU~tPUT,TAWE3,YAPFIOI 00 0100

HIGH RESOLUTION AASORPYION CnPFZCTINT CODE a 000

AUTHORJS* S. A. CLOUGH$ F. W. WNIIN AW J. H. CHYN 00019

* AIR FOR"OT 0P1409CS LAPORATORV IMPI) 0000
BrmoroRIo, mA O 0711 *000230

* 9 000,0240

*DATE JUL'P Ixe 19? 000,10

0019
a 03 1 0

* CALCULATES 040NOCHROMATIC ABSORPTIOrN COF100 FM SINCLL LAVER 00320

10 aN INDICATOR TO CALCULATE 111 04 TO STOP I.NE.Ii * OI34i
* AtOse IDENTIFICAION IALPHANU4141o, SEV":M WORDII a 4 j 350
6 K'(FILI - OUtPUf F1.1 4UMSF.R 900
* SECANT , VALUE OF SIAMN THROWQM LAVER a, 01 1370
* PAOE s AVERAGE PRSSURE OF LAVR IN MILLIBAR * 090150
9 lAV% a AVERAGE TEMPIRATUUt OF LAVER IN 0EIINEI KELVIN Co00309

11V14M1,*0 OLUMMODENSITY of 4I*T4 MOLECULE (FORM SEItANtaml. 1 060416
a OWIOU LO aE OF It OROER or I.3 , F to r A VENO HaLFr WIDTH 9Slal

o nyu OUTPUT INTERVAL IN MAVEMUMUEMS c 10003
9 VI INITIAL WAVtMUMSER VALUE TO 44 COMPUT&D 000430

* Vt m FINAL WAVINU4@FR VALUE TO BE OMPUT[l 404000

*00 6000
O 0004ye

00HW KK/ Nh~pFjPAfNS,05MMVSUVINKSMFAKNMAN 004000
COMMO 000910
COMMON h 143294 15F161 AESNIP.LNNIVLONIDVIW 000973lw~p
COMMON /XNEL IPVPLMMS4FTN 000930

C O M N O N / I T I R / T I E , I R F T N N , T P L0 0 4 1 7 0
COMMON ONF W V1ISINNO LI,NtIYINP' ,SpaossAa1017

DIMINISION POPTMOAI, RICALIIO at00020
1QUEVALENCE IS,9POPINI, (ALFAOUEOALFI 640030
PIN14*ASIM4I61 00006
ElOP1101dPA 064000
NPTINII 000013
NWas 000670

"Rossi 00&690

M119111 000720
11111004 000730
NNYS8E11 000190
bPAIled? 1 070
HENNIso, 0001750
NINAX61 mj t 007

"114IFI of300740

MN "$ 4Nx. Mts0S .1 00kic I
NIlk O 1001 LI 4V 0 91 MINDt
NOTE 10VVUONFIS is AND fpvvfpoxSI It 4 310630



Taoble A 1. Listing of HIflACC Program MCont.)

PwnRAM 4t*At(fr
FS MN0v4F1.*(0XY%/n)Fl~) 000840

MAX0:41. 101r4IM4 fUNDf coub50
MA 1, NIMAX"r. 4 1 u I I'l

kit S 14 A V1'4 6 001070
'ALL S4A( (VYVS) 000

SICALL MOLFC41o ,MKOL 10 ? t,1014PO vTA V E PO#PAYIvC004 jAL FrOPu w 9jo

10 PRIN11 *0 00910f
COMI?.? 140M'11NP'4' 0 4U920

0If 1' EI.Nr.10 IC GO T~O 600940
P0901.1906.. l101(I,61NI,7I 0101190

lr~afel0009 PC
01000 905p C!FILFIEC!ANT 90011a0

PRINT 9191 IECkNt ODIu40
90*0 If0, PAVE ofAVF 001010
POINT its, PAVIgTAVt 1O020
Rt1t It 90 Iw(O910M 11301

is PRINT 930v NOOIOW11M17 00104.0
OFAV1' 39, flVovI.V2 COMO19
POINT 9601 ')vovioY0 Cololp,
IF 4DYLE.1.91 GO TO 160 06107

sOVVIS11 90X P,'0140V 0010'00
ROUNONFLOAT4 NODUNOI fay/2. 00 1100
POW 96., ROUND 001110

MLONNROL"6iI 001100
l0g N4Iw0NLO~ir4MWHIPT- 001140

00 so 1.10m400 091102
90 Polomo. 001110

00 60 1 .1"A 01 M0ira
00 11~lO 011 10

110 Do6 70 061AA00990oq
PC VSF4118O. 011110

PRINT 940 011

WRIT[ 1kXPOL1I 4111011Is,Z 11 MG1ANT @PAVE,?0V0,104401LID IMIt Help Y) o 001230
its I 11INN1.7ipp fyolVv1, 60124.0

VAOI.VI -6OudO 00190
VTO'V1 $AQUINO 041100

Poo 1013. 0 0413,,
TIMPOIE9610 061310
011010. 09911 TIMPO 4401320

ON? 1010T0 01330
its IKIPC: 41.iloctO -9A IISIwC? 001340

CALL MCI l.900, ?M0OVO.0150 APOOOILO5

00 4000130

IS ft to400 m ~009H SO 001370

90 CONTINUE 0014A0

101416 0014ag.

100 CONTINUE M0014
00140

I ALL $100040 0110M 0011.7
IF 4O1I01.NI.91 G0O 140 004460

1410 CALL 900011 4OO~IoALPUO011PPMOLI 001490
CALL 9100N0 (tMNN 00190

IF 00000.NE. 00 00 TO 1410 0 030
14. 0 00Moose

C 000109 LONE 04.10 POR AND00UO,405 1 £1.OLUMN 00100010 4.1.190
C 00190

00 M1 OuOLO,O0I 001970
NaHOLMO 401060
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Table Al1. Listing of HIRA CC Progrram (Cont.)

IF 1PO'TH4).tL10.1 GO TO 06* 000100
ICNT:ICN! 1 0861610
ALFI AL!AO (I 6 

3
ALFOOR(M) 401610

IF IALFI.C.E.Uvi GO0 110 li@0100
its PRINT7 949, G4U(16,3I6,ALFAO(1#,0LFI9DVM 0010418

AL! I' V CC 1606
NCMNrmNCMN6#1 0016

tic IF IALFI.LP.0LFk .AX GO TO 110 661410
PRIMT 910. GNUtI6,1(I6.ALfAC(61s ALPZALFWM,M 04160

106 ALFImALFSAW 061694
NOHNG.NO4 001760

Mt CONTINUE 001716
SUOIA&PS9UMALF&ALFI1 O01704

14.0 CONTINUE 101766
170 C 06llia

CALL CONVFN IGWUE!ODP 194.ECALFMOL ,FP,9FVS!,XFXoS ) collie111

If IIPAN1.L.90.OI 60 TO 100 Ocilla

iTs 190 CONINUF 0411646
C 00160

CALL PANEL 4Fr,SPF,f1KPILE0 @still

CALL SECOND I(510 M6M0
I&$ PRINT 999, GallicDIMNIMNOPVPOVNT 019

AVALF&SW4OLF/ELOAV(iId) 0c19la
L 1NCNT'LIN141T .INT 01910
PR INT 9G6s VAI.Fs ICNT PL NCT 061tit0
2UNALFm6. mottle

100IClTItu 4019110
IF (I1TV0491160 GO0 14.0 folios
EN0 FILE WIFLE 60190
0O TO is 041970

is@ 169 CONTINUE O01lla

TtuP Bell&$0
C 00610

C OMhlO

0 06*030

900 70014111 (I 101 00204%

904 WORNAMEIOA10) 061000
909 FORMATMIS619S DOW*,

l10 FORMN*T60 OUTPUT FIL2 MO. IS) stat

too I1% FORNAT(OD SECANT 00 F10.1$ls
Ile ERm"AT 4(010.S11 001100
9*0 rORMAT14I PRIASINRO 00 Fil.90 00 ItOOP41 NO P11.11 COMO1

9)0 F0R1401MH COLUMN DENSITY(NOLCUL~c9Ove) , 0*1*0
I I' /4S%1A66 4 0 Iplls cati 6*3a

too 93% FORmAT W010.416 11410
94.0 VORMAtEO OVIOM-l 4 FII.41#0 VIIOM-1) 9 *F1l.Ihl*0 Y11(04-1) . 1150

9421 PORMIT111M0 ING0UM104-11 a IFO.101 0*1116
94., FORMAT (* ........................... *F64,t.131.,0 0*1(l10

CIO *So FORMAT to a.,s,,,,,,,#,,L*.E4,,I~,0 40110
M9 FORMAT I th omlgI,*Tro1t 1 K 9*READO$ 049 3ONVOLUTIO's itOX oOPANE so Np GOtlRla

1OVI5,130vqt',1 "I It% 0,SX *N VALUES 04F671I0.40 plos ho 110) 092210
100 froOIAT 1*0 AVIKAGL W 1014 . v,10.9,' No* LINES *1101O 001110

1 * TOTAL 140. Of LINE5U'11@iV 612136
219 9N0 0111116

40

.. .. . . .. ........



Table AlI. Listing Gj IA CC Program (Cant.)

o OUSIOUIINE HAP( (Yr,05,KWS) 
002250

roMMON4 /%yJ/ ftrCPI lWVI4o)VOI4xVSmlr,NSMAXNVS14 002210

IRKO MH1 
002270

S flZWNSION XFd10, WShio. wvll 
c2z90

XLPH 12 . /I XM 2i,10 ? 002310

0423140

10 
002310

ot Ia1. '(1 .2S3)0 
0112310

C MATCH AT U MALFWOTHI 
002360

AlIAS 710 03 0

(IlsO(71I00230

Is[OnoC (2W 
0021.00

a MATCH AT 2? 14.LFWO~THS 
00210

20513. 
0024.20

fiefti(zil 
0021.30

Croce tit) 
0046.0

VOTALve. 
0021.0

00 10 21,90FMAX 
017

to XFEKIIuC 

obtebo0

SUna~1 
0 2100

no 30 UJu3,M

WfrLOAT (JJ-0%2XF 
002520

W3.I 01..2.3

IUM8UUW1.KPJJ1 '3

to CONTIMUE 
OL 3513

KUIWF1.4. 
0024,0

SUNORIJ00001150o
002400

00 30 ?,L,9NMAW 121

SUPuINX1) 
502630

1.1M3%1~0AI (MwF)oKS4I. Vol 
61LIlb1.

00 be3 jJ13,S 
01.200

1 7.71.00? (T JJ1'DK00310

'AtJJileacepl 
03"41130001X1 QI4

0011P*UMO1.1 41 
00270

0096o jJ.NIP,0PMO33

10 13..4 
00S3.

e AT '*KJJL x 
00T71

s0 %fal*%U 
002750

00611 "UtVSA 
032700

W21141110) .
0M30 e

00I hSU TOW 00( 11 0 
scroll

to 6 jwu3,NVII 
030

60 SUOXIIII 
00210

01D tI jj5MI1Pw1W 
00,30

VS XOP0O0T WJJ-t 1601 
0020l1.0

00.110 
003030s

64X01 JA0 mgc*l 0LN A4 We 1 
0011414
048165

01,0011'II.61 
40390

00 0 J1101001340161FILAT Wof *0036Dea 0

of*%*% 
41100

41 co"TI41

Supop60



Table Al. Linting of HIRA CC Program (Cant.)

SURROUTZNt HOLED I iu'74 001.1 FIN I,k4.ii w71iip

SUIROIJIINE MOLEOtINW,InCIONNOLIOTEPOiwgPPOIPSCONALPCOI 00300
OINNSION WNOLO11 ,0OCOR01IALFCOR(lI 001070

DIMENON 11(M474#4 NWO OIT 1N,(IWZ7,NI 003090

COMMwO~N y"O.?01 ""IFI0g?,~PC it?0W4 4 F 03910

II 1t3? vW (?If 44 I I FA~ 011101
DATA WH(2b.V420l illNI)w~)MO0.32,2,W.2.

4
I ou31'.

a 0 It 1,117"10 E0 0.10

I vlAl0T7010 003110

21 CO E 0 3t 1361.0,1, 700.i,1, I04.16,19 0. t0. 1.08400 1.0 03169

I. OVO1,1OTFAC4'0i 001210

I. O WEO ,p 1154-90114 05.Ito Z23.69it 0. 90o t.116?s 1.0 1Q32

0 000000.60170161 03240

04 00 tit t 143.31,1 do. fit as#I 0. ou. 0..0 103I0 L. 1. 0&10
UATA Hl,0I0wIlW4OWIIN0)W1IW40WIl~" 063260

6 0200010.6017000011 003070

* 614 C0 4 h,21. 103,0, 31.,, tt70,, .4066, 1.1 003166A

DATA W,4479NVf ?I, I ?0,NIEIW0,N
1 lI 10437 2W.? *N4.07 ,N 003200

00 000479 ,fOTPAOO7l/ 003300
F 44 02 oil 916.59011 0. #0, 0. 111 0. got 1.0007, 1.0 1: @63100

C ROLLO MAKES THE MOLECULAR 1INTOPZOATOOW4S 011310

30 01331550
a ALPOOP 1S 1N1 F50700 SY WHICH THE COLLISIONW WIDTH MUST BE CHANGED 01106
c DUE TO THIF DEPEWDENCE OHNPOESSOR) ND OWOIWPCRTURC 003371

C THE T'rWpg*AtUR( DEPENDENCE 11 TAKNW AS TIT O'*01,1 003310

000051 
00310

C TwMPfRATURE OSCiWOENCI OF 1THE WIN AND ROT PARTITION $%J14 0034.10

IF 40064010 t o14.30

WINW118011IW 00304

NW 101W001 00340

4.0WIM,40o.WOIWI 60010

W041411ON14041 060100
WO I "11ONE 104 003500
NM0O 9040 0 034

00 10 OLIN,4OW 04)4 00304
WWUINO.MIOIW 001050

10 A T10:10110 
00310')

TOATZO. I KNP0TfNP 06011

0000 I0 Mats41,WNOL 903600

if CO IM ?~stA1D00 003630

A10 oDWOU 03

so EW14

Nk000.45



Table A 1. Listing of HIRA CC Prograin (Cont.)

FUNCTION 2VVIAC 7417. OP01 FIN 4,.01I. WIWI17

FUNCTION lo60

0104FNIION OVOMINOYFILI 0031170
OtHEN11ON WOONNON N NIVII043661

OVEI.013691

IF 4N014,140eIOO 40T 10 of 621

10IV NMIGI.1i 2URV44VNDI0,!) 003F34

to OV"OVISV 40164

RKNO 463760

SYRROUT:wO AmFIt.I 140A7 OPTMI FYN 4.606 ~ U/10

I UIMUWIME RWIL 44"'A*Fmw EPP910 #oar*$079

001N00H i~lUlt 9EPILININ4OLOPII M,WSIIPVBO@ 1?OI& 03000

01OINOI0u 034,, 111, AO.AMIt, EPP411, 10000 00036

if 41OP4311 90,86 403006

36 II' 0tI4*N.O89WOTS Go TO 31 $0*30
mgAO III VNN fossil

10 0 TO to 113641

Rlm limit
to 1 014MC 600911

is 00 o nit01100 00TOnse593

ILOUX 402960

IF ISMU41016lVWT so to of0500
be CfOflN$JI SON:
I# IF IVMW*aS VT0P1 URN it veto

Do 30 no:s,38 03,

IF 44MUEZ6O.TV70pi so TO toS 06406
Go 000111111 004000
to IF 01 ATA11161O IOATAvl. Moil0

to SITUO 1116616

11611 044111

36 
00401

43
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Table Al. Listing of HIHA CC Pr~ogram (Cont.)

susROU1I4F IIONVPNONPPIEA.,WLPWVPUS03 004.110
COMMON IEStili MCIIMNIO11V0,Y~VIO,~~EPI 0011

U1.001110 00134S

COZMMNON t1 LOII 001610

10 DIMENSION V1,111 6 )(41$1 NV111, OS01ib 001.300

r THE VIPY SLOW FUVI.JTION 13 USED TO DRIVE 1141 CONVnLUTION PROCESS 00130
0 0042410
Cq THE VERY %LOU CONVOLUTION is PtaromEC rRom *INwVS to *Nwvs IN 101.330
c HALFUICTI4S 064.20
C 001.370
C DXVS 11 TOW IMICIVAL At W0llOW THE VERY 10W~ FUNCTIONf 1S STORED IN4 001.100

jc MALPNIttHU J111.011
to 00. 000

0 JJ 12 IMF LIOAIOM 14 THE VIP ARRAY P03 MICH0 THEl CONTRI3UTION 0Who1
0 TO IMF ARSORPTION PCEPPICICN PROM INN IlTN LINE 13 CALOULATIO 001.130

1203 To IMF APPROPRIATE INDO OP VM1 XVI P0940110W 0'113,1

a VP? It IMI WVNuooER VALUE Of LOCATION I OP THE PP,5P AND VIP 6011360

C 001.60
0 GIRTH?. EPECOTI VI ABSORPTION CUFFPICUNT OP THE PIN LIME 064,1911

31 a 0 01.10

CALL SECOND IU2tI 011201
*ATVWRVV/OOVI 04111.30
fVSSPLOAT EMWtS)1/OXV #40010

14 COMFNOVUIO-t. 00.1.0
OOif~ q 0V1".0 TO so
011 1.3 ISILO, 1*41 00441.3

'of IF EO1IIHILE.S.I 00 TO 4.0 001.040

UNMTO IGIJ 4 1-VF1 1)*VV 001.90

13 1R ENAI.LEMAVVOI: go To toa0 00
lLASTotI 00.0
to0 To to 001.07

21xV%#I rOAII JIN.N114 OO1110 41 ZSLOPt 901.1.
ZPEIO ELOAT EJMUP).ZINTCONI'ZILOPE 001.030
00 as jjmjmtINSMAN @0101.0

is JS.J1HIN90jj 061140

Z VuZ.V# LOP 1 606110

30 ~ IZ~ TRAN$(IVII ok.0 0.3

ZRIuI 1 vOff .1 3 oMl ( 00130

00 CONTINUE 901.70

a t00I~vc IF MosE CAlA ACQUIRED *'zOAlAmt if No Hoof DATA AEOUIAC *078
SPAMILa 10111. 301.7

44 COTIU 0000 0.13

30 OLOILAI I0.0

RE9TUIN 40604

0 01.0K864

- a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -- ---------. -. .---- .---.---..- ,



Table Al. Listing of HIRA CC Program (Cont.)

I ~~SUB14OUTINL PANEL cvirV%!,KKFILK 110i
COMMON #IISU'll !LN1OtNSV6,1V7D.~~~!IA g

4
lz

I L IDA I A FITOP 4 43
C04 0SU9 0'UI MAW!,NAXSt4AyYViP4Fq. 4L INS, NTMV ,NLOoNI *OVS#DoV% OL 4q 40
0 QO-NNN 111 44ELI 1 2P I94LsL1149NNHIFT I4PY 045
COMMON 0YT 109F T I "I T 144OFPItNC 4V I I4PWL Owis 100

CALL SICONO 4?1qcol 61J4990
to Nege-r. Ile*. 0611140

V42 1 8.S 005019
W4130-9. life. 0,3

to L0 W0 O. I n i' 661

o SLOW FUiNCTION VALUES NUOKO FORn SU6SIQUEN? PAN11LS ART SMVL alothe~
to0 o J619 east%@509

00 to JOUIMOPGLZWN1,b fill?$S
Jvwtu(-I2,'.,1 fili aS
%IAIJSPIJ. IVI JVSI "Ill:9

1VS fIJVS4SI 105*1Mas

to CONVINUK $lots$
o So .JONLOIN1NZ91 011M,
PJ0.PJ ,.5PIJS Ioles ~
Fri ppIlUi,.V!1gSFI.1p2is-1) Vl irt AlX41SP4 JS60 403 I-F (JIM 1104

as cONlowUK 105813
to, INP7142O0163 00 To AS 0053110

'5 two he Jd"LOqJMNPS sIgS41
VPIDN14LOITIJ-I i'bV 149361

1.0 PN1W? loop JPPV~jlVP 101310
00 S190,1Dj"11*41~ 000340
vPwVPT+*LOA? (J-lS'flV 40O390

to 40 PRnINT 1v .J#Pvijo~v, 00*00~
6S CONTINUE Goi

00 to Jis tooo
?a Fi SItZ*-IP1O0D 0994s.10

so VIPOW74FLIOAIONO.lbO4V $491.00
WlPGVPI OPLOfil I01141l )GOV 401460

C VIP is Mlay P910 OP PINKO. 20600e

1010911 LAST Fl90 OP PAOEL 44096111
001IT KWPII W VIPs1PVLIN I9910
"MIW9TI 51KOPLIO OPPJI,0.101110 4401111
VOTOVPI14PL0AT44IOM -1 16!0V shifts0
If1 400STO.926.1 60 10 11.9 00 99
06PS1 11115135
00 46 J.em" PNIANI 41119149

69FrlJPIRIFPA 411990
64 JFOJF.i 010190

0090f J*.JAN$ 649110
0114,0186S. 0641l
isaI 0090

1500 100 J111Nt010.NAIi se$64V
MPIIP 14JMai

too Jimssss193
00 Ill JmJS10WAm9 106101

00 ItJWINSNAV

$to I0116.001 logo"0
soJ4 VIPOJu., 00995

a 06 CALL 0100OMG Otv~i01*

of 
00 11

Woo 45 909
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Appendix B

A listing of a Fortran program to plot tho results from HItACC in transmis-
sion is given in Appendix B. This program, entitled TPLOT, was written for the
CDC 6000 and the plotting Aunotiond are sI cifto to that computer. This plot pro-
gram in consiatent with the sampling criterion and the int~rpolation methods
described in this report. The four point Lagrange Interpolation Is used to generate
three intermediate points for each output interval of HURACC. The Listing of the

program, the output, and the input data, are given in Table B1. Two data cards
are required, the tirst contains 30 characters of identification, and the second
contains the upper and lower limits (cam" ) of the wave :umber range and the dim -
ance in inches (DX) over which this waomnumber range is to be plotted.

m 41 ''

y57



Table Hi. Listing of TFOLOT Programn

tPROGR.AM TPLOVIINPUTIOUTPIITtAptifiV io0
0141N0!I) PACOI1 1ti

q0061190

M#ALT 910, 700010

10ALL PL7103 MAY01%~ae1,.00

11PRIN't 431 iO, jtpXSIZ IOL

CALL IYM4IfL40pVT 1.111X10. 0.0.701 0644210
VT'VT-51LY a91 21

to CALL 8V0~00V.,5q4I~.00s 00 9291
CALL 11:lI0,T01,50001 01030

CA LL 5,I~00T,.91lP0S4416100.00111 000390
CALL NUM"IIt.0", 1T,0,lloplo,0.Iiot Il=3
YT-y? .. ILY o
GALL SSLO0Y,.99T M e 90 0609'2) 000350
SA LL 0UM~LIV,.ST .9011 009310

CALL SYI4OLI.0,YT,0,19,tOHAMOUNTS 1140CIMDI 90.09201 000360

30 0 0 14.1.1,39
014.9, -RY10100
IN. *s .

00410

1PNMlL.I0~llGO TO Al 010:10 3o

!017. ALO044I1411 G001.1.0

ooIwEI10P I 6601611

2, IOALL OMIL .,T.5IML1000A 0001.10

OALL IUL10Y,.9N00O1 919

1.0 CALL 04NIl.,I.9'N000 00I49
CALL NWftEI0,T,1,NP,.91

to CONTINUE bei
T. vyTCO1 000920
CALL IV4Cl,,V,1,00VC Dl*.19101 000930

lot CALL 'iUM11O11s.AoV,15sVDVo DOW)3 00051.0

CALL 914 OL9101164911410M*ls,091I el
CALL 10MU1,?01,0 0.0911 cutoff
VTIIVT-PELV 0850

so CALL tVSL00V,.1,0V0M1 * 0511091"1
CALL NhAitgil Ov~poetstVIVO$ fill I011

CALL PLO14TEOT#~t 1  
1 611

OK.(VI.VII/01 10 19040512
CALL AVS 1 i 0- sM s1i INoOp90o 0- go ot1,040) 066141
CALL AVIS IZE,0.Ss1"I~ ,-1L0 . 0 0 0 t0 . I0 0 1,0 a
CALL &X15 401*#1*,IN 9 0111946,4.1,it '0,&.11 000670

MAL hVIS 9600g1W40041,AO0~~000,0t.l10610

I I IA 007100k 000o0N,8 401060

fig IF foti'LM41004f00510

IF 191P.Ei1.VII go 10 14 1 0041740
POINT 980, VIPOWN9,0VINLINLM 1 doAgo7

READ (100 4Y40010,LINNII 060M7

6 f, weptP.LTV 0 CO, So 90 0071.
ILOm3 000750

11 90gCaVLTot90i V(II.(KPO4-AVI 000 114



P0010E' ~ Tble BI. Liating of TPLOT Program (Cnt.)

eowT . 041 
000610

ir nvj.4ta) rn to *g0060
iLO MVI.ipI /oV41.001 

00 01

MaTISLO 610 
003

If SM Of ?.0L NII) I MI "I. I MM1.t 000660

4'; BG IF Vl.'.2 0 TO 90 401,64

IF IL .110.T.BO WuIL141401 
00010

44 4# CALL LPP 
BOOMIIV~,1OK0 0 @0'2

ILOEIVI 
01"0

I. L0*00 
4000

IF 041.LT.LIMMI1) 00 TO 12 000090

IWISL1I4I- 
00090

IF 41L0.VI0L0IP111 0O TO li0 I'0l,0

?11MmLIM11t-1) 
00000

IOILIVM14-1) 
000,91

VI 410 sYILI 14)4) 
Mato1

00IF 4LOT-MI.LY.NL1M 00 To too 001020

cc TO so 
001030

100 CALL PLOY W~~..0 .,3 
001010

CALL 0400 
0109

MO1014ub
44 C 

oo0bPo

01 POSIVAT 454112,Pif@.'II 
Colo"

III FOPIOAT 43A10) 
Mica10

020 TooSMAT I4F12.11EVIO) 
061116

END 001100

SUNOUT~t LPP 4 SLOP ?,4t,VVN IM,) 
1'

CON40014 V11161 q P(16Se0,Y'test' )01100
PRI T 914. 106,,1P011W 

o 0~

00114

we so0$ il so00110

Do I I tol0S A 
evil$

V0 0410~10 * )854VI01 161VU1NteVI ,I303 4 o)olh
016..dS 

0 
1 o 11 l o011)01M0
et 11.3/I0

II PIN %tp00t10*'LOA I M41 
0u0t*I

u~tIPIOUKIIPO*0010010

31,*ONPIA.00411
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